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Fanconi anemia (FA) is a chromosomal instability
disorder associated with deficiencies in the Fanconi
anemia complementation group (FANC) network. A
complex consisting of FANCM-associated histone-
fold proteins 1 and 2 (MHF1 and MHF2) has been
shown to act cooperatively with FANCM in DNA
damage repair in the FA pathway. Here we report
the structure of Saccharomyces cerevisiae MHF
complex in which MHF1 and MHF2 assume a typical
histone fold, and the complex has a heterotetrameric
architecture similar to that of the histones (H3-H4)2
heterotetramer. Loop L2 of MHF1 is probably in-
volved in DNA binding, and loop L3 and helices a2
and a3 of one MHF1 subunit interact with those of
the other to form two heterotetramer interfaces.
Further genetic data demonstrate that the heterote-
tramer assembly is essential for the function of
the complex in DNA repair. These results provide,
to the best of our knowledge, new mechanistic
insights into the function of the MHF complex.
INTRODUCTION
Fanconi anemia (FA) is a chromosomal instability disorder char-
acterized by chromosomal abnormalities, progressive aplastic
anemia, and developmental defects (Thompson and Jones,
2010). Most patients develop bone marrow failure and are prone
to cancers, most often acute myelogenous leukemia, and at the
cellular level, a phenotypic feature of the FA cells is their hyper-
sensitivity to agents that produce DNA interstrand cross-links.
The disease has been linked to the Fanconi anemia complemen-
tation group (FANC) network, which functions to resolve broken
and stalled replication forks caused by DNA interstrand cross-
links (Thompson and Hinz, 2009; Wang, 2007). The FANC pro-
teins can be divided into three groups: group I upstream core
complex formed by a subcomplex of eight proteins and the
FANCM-FAAP24 heterodimer, group II FANCD2-FANCI heter-
odimer, and group III proteins, including FANCJ and the
FANCD1-FANCN heterodimer (Moldovan and D’Andrea, 2009).
In response to DNA damage or replication signals, the FANC364 Structure 20, 364–370, February 8, 2012 ª2012 Elsevier Ltd All rcore complex is activated, which is required for the sequential
monoubiquitination of FANCD2 and FANCI and the downstream
DNA-repair processes mediated by the group III FA proteins and
DNA-repair proteins (Garcia-Higuera et al., 2001; Sims et al.,
2007; Smogorzewska et al., 2007).
It was reported that the FA pathway can be activated by
circular dsDNA but not ssDNA or branched DNA structures
(Sobeck et al., 2007). Among the FANC upstream core complex
members, FANCM harbors a translocase activity and can
process branched DNA structures (Gari et al., 2008). Recently,
it was reported that the MHF1-MHF2 complex is a new compo-
nent of the FA core complex and forms a stable subcomplex with
FANCM. TheMHF complex and FANCMact synergistically in the
binding of both branched DNAs and dsDNA (Yan et al., 2010),
and the MHF complex strongly stimulates the DNA branch
migration (Singh et al., 2010) and replication fork reversal (Yan
et al., 2010) activities of FANCM. Upon DNA damage, the MHF
complex and FANCM are rapidly recruited to the damage site
in S phase cells (Yan et al., 2010). Unlike other FANC proteins
or FA-associated proteins, which have orthologs only in verte-
brates, MHF1, MHF2, and FANCM have orthologs in budding
yeast, indicating that the MHF-FANCM complex is functionally
important for DNA repair in the eukaryotic organisms (Yan
et al., 2010). In addition, theMHF complex also has been demon-
strated to play an essential role in the stable assembly of the
outer kinetochore (Amano et al., 2009; Hori et al., 2008).
To understand how the MHF complex functions in DNA
repair and assembly of the outer kinetochore, we determined
the crystal structure of Saccharomyces cerevisiae MHF1-MHF2
complex. Here we report the structure of this complex and show
that S. cerevisiae MHF complex structurally resembles the his-
tones (H3-H4)2 heterotetramer and functions as a heterotetramer
in DNA repair.
RESULTS AND DISCUSSION
Overall Structure of the MHF Complex
The crystal structure of the yeast MHF complex was determined
at 2.4 A˚ resolution (Table 1). In the crystal structure, there are two
MHF1-MHF2 heterodimers related by a 2-fold noncrystallo-
graphic symmetry in an asymmetric unit. The two MHF1-MHF2
heterodimers (designated as A and B) adopt almost identical
overall structure and superposition of all Ca atoms yields
a root-mean-square deviation (RMSD) of 1.09 A˚ for MHF1,ights reserved






a, b, c (A˚) 68.8, 104.1, 70.9
a, b, g () 90.0, 109.1, 90.0
Resolution (A˚) 50.0–2.40 (2.49–2.40)a
Observed reflections 136,779
Unique reflections (I/s(I) > 0) 18,254
Average redundancy 7.5 (7.4)
Average I/s(I) 47.6 (6.8)
Completeness (%) 98.6 (98.0)
Rmerge (%)
b 8.4 (35.8)




R factor / Free R factor (%)c 23.9 / 29.0
No. of protein atoms 2,594
No. of water atoms 50
Average B factor (A˚2)
All atoms 69.0
MHF1main chain / side chain 62.7 / 72.0
MHF2main chain / side chain 66.2 / 71.6
Water molecules 55.2
RMS deviations
Bond lengths (A˚) 0.007
Bond angles () 1.0
Ramachandran plot (%)
Most favored regions 90.3
Allowed regions 7.3
Generously allowed regions 2.4
















Structure of the (MHF1-MHF2)2 Heterotetramer0.67 A˚ for MHF2, and 1.07 A˚ for the complex, respectively. Het-
erodimer A will serve as a representative for further discussion of
interactions within the heterodimer.
The two heterodimers form a tight heterotetramer (Figure 1A),
which is consistent with the results of the size-exclusion chroma-
tography and SDS-PAGE analyses of the complex (Figure S1
available online). The full-length MHF1 and MHF2 contain 90
and 80 residues, respectively. In the final structure model of
the MHF1-MHF2 complex, both MHF1 and MHF2 are well
defined, except N-terminal residues 1-2 and C-terminal residue
90 of MHF1, and a surface-exposed loop between helices a2
and a3 of MHF2 (residues 53–63 in heterodimer A and residues
54–61 in heterodimer B).
In the crystal structure, MHF1 and MHF2 contain a histone-
fold motif and form a heterotetramer via conserved residues of
MHF1. In the structure, MHF1 and MHF2 each contain a typicalStructure 20, 36histone fold composed of helices a1-a3, which resembles
each other (RMSD of 2.0 A˚ for 69 Ca atoms; Figure 1B). The
histone-fold motif is commonly found in proteins that mediate
protein-protein and/or protein-DNA interactions (Arents and
Moudrianakis, 1993; Baxevanis et al., 1995; Kokubo et al.,
1994; Pehrson and Fried, 1992). Previously, it was reported
that the MHF complex can bind dsDNA (Thompson and Jones,
2010; Yan et al., 2010). To identify the potential binding site for
DNA, we performed a structural similarity search using the
program DALI. Interestingly, we found that the (MHF1-MHF2)2
heterotetramer has a similar architecture as the heterotetramers
of histones H3 (or its variants) and H4 with RMSD of 2.0-2.2 A˚
and thatMHF1 andMHF2 resemble histones H3 andH4, respec-
tively, in both overall structure and the secondary structure
orientations (Figure 1C). However, comparison of the electro-
static surface of the MHF complex with that of the H3-H4
heterotetramer shows that the surface side of the H3-H4 hetero-
tetramer, which binds to DNA, is largely occupied with positively
charged residues, whereas the corresponding surface side
of the MHF complex does not show such a distinct feature.
Nevertheless, loop L2, in which most residues are strictly or
highly conserved (Figure S2), is structurally equivalent to the
region encompassing residues 115-123 of histone H3 (Protein
Data Bank [PDB] code 1KX5), which is involved in DNA binding
(Davey et al., 2002). Specifically, residues Gly64, Arg65, Gly66,
Val67, Ser71, and Asp72 of MHF1 occupy similar positions and
some might also interact with DNA in similar ways as their
equivalents (Figure 1D). In particular, in analogy to Arg116 and
Asp123 of histone H3, two strictly conserved residues (Arg65
and Asp72) of MHF1 interact with each other via salt bridges.
As both Arg65 and Asp72 are located on loop L2, these interac-
tions may stabilize the specific conformation of loop L2 to place
the residues of this loop at proper positions for DNA binding.
These results suggest that loop L2 of MHF1 is a potential
DNA-binding site. This notion is supported by the biochemical
data that double mutation of Lys73 and Arg74 in human MHF1
(equivalent to Gly64 and Arg65 in S. cerevisiae MHF1, respec-
tively) disrupts the binding of the MHF complex with DNA but
has no notable effect on the formation of the complex (Yan
et al., 2010).
Heterodimeric and Heterotetrameric Interfaces
In the MHF1-MHF2 heterodimer, the secondary structure
elements, in particular helices a1 and a2 and the adjacent loops
of MHF1 and MHF2, intertwine to form a compact helix bundle
(Figure 1A). MHF1 and MHF2 interact with each other mainly
via helices a1 and a2 and the adjacent loops of MHF1 and
MHF2, involving six salt bridges, 13 hydrogen bonds, and
numerous hydrophobic interactions and burying a total of
4150 A˚2 solvent-accessible surface areas (2100 A˚2 on MHF1
and 2050 A˚2 on MHF2; Figure 2A and Table S1). Specially, the
side chain of Asp6 of MHF1 forms a salt bridge with the side
chain of Lys9 of MHF2; the side chain of Arg13 of MHF1 forms
two hydrogen bonds with the side chain of Ser3 of MHF2; the
side chain of Arg17 of MHF1 forms two salt bridges and a
hydrogen bond with the side chain of Asp35 of MHF2; and the
side chain of Arg21 of MHF1 forms two salt bridges with the
side chain of Asp39 of MHF2. The side chain of Gln48 of MHF1
makes a hydrogen bond with the side chain of Tyr33 of MHF2.4–370, February 8, 2012 ª2012 Elsevier Ltd All rights reserved 365
Figure 1. Overall Structure of the MHF Complex
(A) Side view (left) and top view (right) of the overall structure of the (MHF1-MHF2)2 heterotetramer. MHF1 and MHF2 are shown with ribbon representations with
MHF1 colored in yellow and MHF2 in cyan. The secondary structure elements are labeled, and those of heterodimer B are designated with apostrophes. The
disordered regions in MHF2 are indicated with dotted lines. See Figure S1.
(B) Superimposition of the structures of MHF1 (yellow) and MHF2 (cyan). Both MHF1 andMHF2 mainly contain a typical histone fold composed of helices a1-a3.
The histone fold of MHF1 resembles that of MHF2 (RMSD of 2.0 A˚ for 69 Ca atoms), but MHF1 contains a much longer a1 helix and two extra structure elements
(loop L3 and helix a4). The secondary structure elements of MHF1 are labeled.
(C) Structural comparison of (MHF1-MHF2)2 with (H3-H4)2 and (Cse4-H4)2. S. cerevisiae and human (H3-H4)2 heterotetramers (PDB codes 1ID3 and 1KX5) are
shown with ribbon representation and colored with H3 in magenta and blue and H4 in salmon and green, respectively. Kluyveromyces lactis (Cse4-H4)2 (PDB
code 2YFW) is colored with Cse4 in red and H4 in gray. These heterotetramers assume a similar overall conformation using a secondary structure mapping
algorithm.
(D) A potential DNA-binding site. Superimposition of theMHF complex structure onto those of human and yeast nucleosome core particles (PDB codes 1KX5 and
1ID3) reveals that loop L2 of yeast MHF1 might be a potential DNA-binding site. For simplicity, only the comparison of the (MHF1-MHF2)2 tetramer with human
nucleosome core particle (PDB code 1KX5) is presented here. The residues of histone H3 that participate in DNA binding and the equivalent residues of
S. cerevisiaeMHF1 are shown with ball-and-stick models and colored in blue and yellow, respectively. The nucleotides binding to this region of histone H3 are
shown with ball-and-stick models and colored in white. The water molecules that bridge the interactions between histone H3 and the nucleotides are shown with
spheres and colored in red.
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Figure 2. Heterodimeric and Heterotetrameric Interfaces
(A) Hydrophilic interactions at the heterodimer interfaces. The interfaces involve interactions between helix a1 of MHF1 and helices a1 and a2 of MHF2
(left panel) and between helix a2 of MHF1 and loop L1 and helices a1 and a2 of MHF2 (right panel). The residues responsible for the interactions are shown with
stick models. The hydrogen bonds are indicated with black dashes, and the salt bridges are indicated with gray dashes.
(B) Hydrophilic interactions at heterotetramer interface I. Heterotetramer interface I involves interactions between helix a2 of MHF1 of heterodimer A and loop L30
of MHF1 of heterodimer B (left panel) and the equivalent regions related by a 2-fold pseudosymmetry (right panel). The hydrogen bonds are indicated with black
dashes, and the salt bridges are indicated with gray dashes.
(C) Hydrophilic interactions at heterotetramer interface II. Heterotetramer interface II is located at the top of the heterotetramer, involving interactions between the
tips of helices a2 and a3 of both MHF1 subunits.
(D) Distribution of the conserved residues on the surface of the (MHF1-MHF2)2 heterotetramer. Residues of MHF1 that are strictly conserved, conserved, and less
conserved are colored in orange, yellow, and pale-yellow, respectively, and those of MHF2 colored in blue, cyan, and pale-cyan, respectively. Heterotetrameric
interfaces I and II are indicated with a red dashed circle. See Figure S2.
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Structure of the (MHF1-MHF2)2 HeterotetramerThe main chain of Gly50 of MHF1 makes two hydrogen bonds
with the side chains of Gln13 and Asn14. The side chain of
Gln57 of MHF1 makes a hydrogen bond with the side chain of
Glu15 of MHF2, and the side chain of Arg61 of MHF1 makes
a salt bridge with the side chain of Glu15 of MHF2. Additionally,
Lys32 and Thr34 in loop L1 of MHF1 form two hydrogen bonds
with Leu64 in loop L2 of MHF2 via their main chains. Similarly,
Val68 in loop L2 of MHF1 also makes two hydrogen bonds
with Lys21 and Ala23 of MHF2 via its main chain. The side chain
of Gln80 of MHF1 forms a hydrogen bond with the main chain ofStructure 20, 36Asp79 of MHF2. The main chain of Gln89 of MHF1 makes
a hydrogen bond with the side chain of Lys32 of MHF2.
For the heterotetramer assembly, the two heterodimers form
two interfaces mainly through loop L3 and helices a2 and a3 of
MHF1 (Figure 1A and Tables S2 and S3). At interface I, Asp55
in helix a2 of MHF1 forms three salt bridges with Arg780 and
Lys790 in loop L30 of MHF10 (hereafter heterodimer B, and its
components are designated by apostrophes), and Ser54 makes
three hydrogen-bonding interactions with Arg780 (Figure 2B).
With a 2-fold pseudosymmetry of the two heterodimers,4–370, February 8, 2012 ª2012 Elsevier Ltd All rights reserved 367
Structure
Structure of the (MHF1-MHF2)2 HeterotetramerAsp550 makes similar interactions with Arg78 and Lys79, and
additionally Glu510 forms an extra salt bridge with Lys79 (Fig-
ure 2B). Interface II is formed by the tips of helices a2 and a3
of MHF1 and the corresponding regions of MHF10. In particular,
the side chain of His62 stretches into the space between helices
a20 and a30 to form two hydrogen bonds with the main chain of
Phe590 and the side chain of Asp720, and correspondingly,
His620 makes similar interactions with Phe59 and Asp72 (Fig-
ure 2C). In addition, a large amount of hydrophobic interactions
are formed in this region (residues 51-79; Table S3). Intriguingly,
most of the strictly and highly conserved residues of MHF1 are
located on the two heterotetramer interfaces (Figure 2D),
including Asp55, Arg78, Lys79, Phe59, His62, Ala63, Asp72,
and Leu75, which constitute the majority of the aforementioned
heterotetrameric interactions. The conservation of the residues
at the interfaces implies that the heterotetramer formation may
be critical for the biological function of the MHF complex.
Biological Importance of the Heterotetrameric
Architecture
It has been reported that in yeast the MHF proteins act with
FANCM orthologs in the same pathway in repair of DNA damage
caused by a DNA damaging agent, namely, methyl methanesul-
fonate (MMS), and in promotion of gene conversion at blocked
replication forks (Yan et al., 2010). To further investigate whether
the heterotetrameric state of the MHF complex is essential for its
function in DNA repair, we performed mutagenesis studies. We
first examined the functional importance of the residues that
participate in hydrophilic interactions between the heterodimers.
The interactions at the heterotetramer interfaces were so intense
that mutation of Asp55, Arg78, or Lys79 alone or double muta-
tion of Arg78 and Lys79 did not have noticeable effect on the
heterotetramer formation of the MHF complex (data not shown).
However, double mutation of Asp55 and His62 and triple muta-
tion of His62, Arg78, and Lys78 did alter the heterotetrameric
state (Figure 3A). Intriguingly, the yeast strains carrying the
wild-type MHF1 or the MHF1 mutants, which exhibited an
unchanged oligomeric state, show a comparable sensitivity to
MMS, whereas those carrying the mutants with an altered oligo-
meric state exhibited a hypersensitivity to MMS, indicating
a defect in DNA repair (Figure 3B). In addition, in vitro and in vivo
analyses of various mutations of the residues that form hy-
drophobic interactions at the heterotetrameric interface showed
that only those mutations (single mutations of Phe59 and Leu75
to Lys or Glu and a double mutation of Phe59 and Leu75 to Ala)
that altered the heterotetrameric state of MHF1 led to higher
susceptibility of the corresponding mutants to MMS treatment
(Figures 3C and 3D). Together, the requirement of the integrity
of the MHF complex (in terms of its oligomeric state) for DNA
damage resistance indicates that the MHF complex functions
in DNA repair as a heterotetramer that shares structural similarity
with the (H3-H4)2 heterotetramer.
In conclusion, we demonstrate that the MHF complex
acts as a heterotetramer that shares structural similarity with
the (H3-H4)2 heterotetramer, and loop L2 of MHF1 is likely
involved in DNA binding. The tetrameric state of the MHF
complex, which is mainly maintained by loop L3 and helices a2
and a3 of MHF1, may be critical for its biological function in
DNA repair.368 Structure 20, 364–370, February 8, 2012 ª2012 Elsevier Ltd All rEXPERIMENTAL PROCEDURES
Cloning, Expression, and Purification
The cDNAs encoding full-length S. cerevisiae MHF1 andMHF2were amplified
by polymerase chain reaction (PCR) and inserted into the NcoI and XhoI
restriction sites of the pET-Duet and pET-28a-His6 expression plasmids
(Novagen, Madison, WI, USA), respectively. The two plasmids were cotrans-
formed into the Escherichia coli BL21-CodonPlus, (Stratagene, La Jolla, CA,
USA) strain. The transformed cells were grown in lysogeny broth medium at
37C containing 0.05 mg/ml kanamycin and 0.1 mg/ml ampicillin until OD600
reached 0.8 and then induced with 0.25 mM IPTG for 20 hr at 20C. The cells
were harvested and lysed by sonication in a lysis buffer (buffer A) containing
20 mM Tris-HCl (pH 8.0), 500 mM NaCl, and 10% glycerol. The MHF1-
MHF2 complex was purified by affinity chromatography using a Ni-NTA
column (Qiagen, Hilden, Germany) with buffer A supplemented with 20 mM
imidazole and 200 mM imidazole serving as washing buffer and elution buffer,
respectively. The elution sample was further purified with gel filtration using
a Superdex 75 16/60 column (GE Healthcare, Uppsala, Sweden) pre-
equilibrated with buffer B (10 mM Tris-HCl [pH 8.0], 100 mM NaCl, and
2 mMMgCl2). For the Se-Met derivative proteins, the expression and purifica-
tion procedures were the same, except that the cells grew in M9 medium
supplemented with amino acids Lys, Thr, Phe, Leu, Ile, Val, Se-Met, and
1% lactose.
The constructs of the MHF mutants were generated using the QuikChange
Site-Directed Mutagenesis Kit (Strategene, Santa Clara, CA, USA). Expression
and purification of the mutants were the same as the wild-type protein.
Crystallization, Data Collection, and Structure Determination
Crystallization of the Se-Met substituted MHF1-MHF2 complex was per-
formed using the hanging drop vapor diffusion method. Crystals of the Se-Met
MHF1-MHF2 complex were grown from drops consisting of 1 ml protein solu-
tion (about 20 mg/ml in buffer B) and 1 ml reservoir solution of 1.6M (NH4)2SO4,
3% isopropanol, 8% polypropylene glycol P400, and 0.02 M CaCl2 at 20
C
after about 3months. For diffraction data collection, the crystals were cryopro-
tected using the reservoir solution supplemented with 30% glycol and then
flash-cooled into liquid N2 stream. A Se-derivative dataset of 2.4 A˚ resolution
was collected at 100 K at beamline BL-17U of Shanghai Synchrotron Radiation
Facility, Shanghai, China. The derivative data were processed with the
HKL2000 suite (Otwinowski and Minor, 1997). The statistics of the diffraction
data are summarized in Table 1.
The structure of the MHF1-MHF2 complex was solved using the single-
wavelength anomalous dispersion method as implemented in program Phenix
(Adams et al., 2010), which produced an interpretable electron density map.
The initial model of 240 out of 340 residues of the heterotetramer was con-
structed automatically. The remaining peptides and water molecules were
introduced manually using the program Coot (Emsley and Cowtan, 2004).
Structure refinement was carried out using programs Phenix (Adams et al.,
2010) and Refmac5 (Murshudov et al., 1997). The stereochemistry of the
protein model was analyzed using program Procheck (Laskowski et al.,
1993). Structure analysis was carried out using programs in CCP4 (Collabora-
tive Computational Project, Number 4, 1994) and the PISA server (Krissinel and
Henrick, 2007). In the final structure model of the MHF1-MHF2 complex, both
MHF1 and MHF2 are well defined, except several N- and C-terminal residues
of MHF1 and a surface-exposed loop ofMHF2. In addition, at the C terminus of
MHF2 in heterodimer A, part of the His tag and the linker are also detected. The
figures were generated using the program PyMOL (http://www.pymol.org).
The statistics of the structure refinement and the quality of the final structure
model are also summarized in Table 1.
MMS Sensitivity Assay
All of the yeast strains used in this study were BY4742 (MATa his3D leu2D
lys2D ura3D) and its derivatives from EUROSCARF (Frankfurt, Germany). To
delete the MHF1 open reading frame, a pRS305 plasmid, containing 500 bp
each of the up- and down-stream regions of the MHF1 ORF, was generated
and transformed into the BY4742 and srs2D strains. To express the MHF1
proteins, the wild-type or mutant MHF1 ORF and 492 bp of the upstream
region and 505 bp of the downstream region were amplified by PCR and in-
serted into the EcoRI and XhoI restriction sites of the pRS316 plasmid. Theights reserved
Figure 3. Biological Importance of the Heterotetramer Architecture of the MHF Complex
(A) Size-exclusion chromatography analyses of the wild-type MHF complex (green) and the mutant MHF complex containing the D55A/H62A (blue) and H62A/
R78A/K79A (red) MHF1 mutations, which show the altered oligomeric state of the mutants. The positions of the protein markers are labeled.
(B) MMS sensitivity assays of yeast strains carrying the wild-type or mutant MHF1 in a srs2D background. All of the yeast strains used in this study
were BY4742 (MATa his3D leu2D lys2D ura3D) and its derivatives. The MMS sensitivity of the wild-type (BY4742), mhf1D, srs2D, and srs2Dmhf1D
strains and those expressing the wild-type or mutant MHF1 in a srs2Dmhf1D background was analyzed. The yeast strains carrying the wild-type MHF1 or
the MHF1 mutants (D55A, R78A, K79A, and R78A/K79A) with an unchanged oligomeric state showed comparable MMS sensitivity, whereas those
carrying the MHF1 mutants with an altered oligomeric state (D55A/H62A and H62A/R78A/K79A) exhibited hypersensitivity to MMS, indicating a defect in DNA
repair.
(C) Size-exclusion chromatography analyses of the wild-type MHF complex (blue) and the mutant MHF complex containing the F59K (red), F59E (green), L75K
(black), and F59A/L75A (brown) MHF1 mutations, which show the altered oligomeric state of the mutants.
(D) MMS sensitivity assays of yeast strains carrying the wild-type or mutantMHF1 in a srs2D background. The yeast strains carrying the wild-type MHF1 or the
MHF1 mutants (F59A and L75A) with an unchanged oligomeric state showed comparable MMS sensitivity, whereas those carrying the MHF1 mutants with an
altered oligomeric state (F59K, F59E, L75K, and F59A/L75A) exhibited hypersensitivity to MMS.
Structure
Structure of the (MHF1-MHF2)2 Heterotetramerplasmids were then transformed into the srs2Dmhf1D strain. The
transformants were patched on synthetic complete medium lacking uracil
(Yc-Ura, as a positive growth control). Single colonies of each yeast strain
were grown in 5 ml Yc-Ura medium overnight, diluted to OD600 = 0.2, and
then grown to midlogarithmic phase at 30C. The culture was supplemented
with 0.1% or 0.15% MMS (Sigma-Aldrich, St. Louis, MO, USA) and
grown for two more hours. The cells were collected with centrifugation,
washed, resuspended in Yc-Ura without MMS, serially 5-fold diluted, and
spotted (3 ml) on Yc-Ura plates. For the control experiments, noMMSwas sup-
plemented during the process. Cell viability was visualized after 1 (no treat-
ment) or 2 days.
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